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ABSTRACT 
 
             Nanocrystalline materials can often process superior properties, but they are 
generally unstable against grain growth. Addition of a dopant can stabilize 
nanocrystalline alloys by decreasing the excess grain boundary energy as the 
thermodynamic driving force for grain growth and reducing grain boundary mobility via 
a kinetic effect of solute drag. In this thesis study, eight Ni-based alloys (Ni-W, Ni-P, Ni-
Mo, Ni-Cu, Ni-B, Ni-Mg, Ni-Zn and Ni-Co) and pure Ni were made using an 
electrodeposition method. It is concluded that the use of different dopant can drastically 
affect the deposition mechanism as well as the morphology of resultant films. Ni-W and 
Ni-P films, which are the most dense and uniform among the eight Ni-based alloys, were 
selected for a systematic study. Pure Ni films were also investigated for comparison. 
Grain sizes were measured by X-ray diffraction, and film morphologies were 
characterized by optical microscopy and scanning electron microscopy. An inverse 
correlation between the doping concentration and the grain size is confirmed for both Ni-
W and Ni-P. Doped and undoped specimens are annealed at various temperatures in 
flowing Ar-H2 to probe grain growth. 
 
iii 
 
DEDICATION 
 
             My research has been supported by Republic of Korea Army, which gave me an 
opportunity to study abroad as an Army Captain. I was free from other issues for the 
ability to focus on academic work for two years. I dedicate this to the ROK Army. 
 
iv 
 
ACKNOWLEDGEMENTS 
 
             So far, I have researched with excellent people and I would like to acknowledge 
the help I have received. First of all, my research adviser Dr. Jian Luo. He is not only the 
best teacher but also the best scientist I have met before. His brilliant wisdom, insight and 
advice have always made me perceive the point and smile. When I was bored and felt 
lazy, I would meet him in order to motivate myself because he always does everything 
with full passion. Even if I had a personal problem, he helped me with various and wise 
solutions. For these reasons, I am very thankful to him. I can’t describe entirely what I 
owe to him. 
             Committee members, Dr. John Ballato and Dr. Marian Kennedy are most 
friendly professors in my academic life. They often asked about my research progress and 
gave me sincere advice with specific knowledge. 
             For my XRD analysis, I am grateful to Dr. Don Vanderveer who is manager of 
molecular structure lab in Chemistry Department. He did spend a lot of time and effort to 
teach me how to use the equipment. 
             My previous lab mate, Dr. Haijun Qian, was gentle friend and I am still miss him. 
Hao Chen who is expected to achieve Ph.D in this year taught me basic laboratory work 
and how to run SEM and EDX experiments. Xiaomeng Shi has an interest in Korean 
culture and we have thoroughly researched about science, also about our cultures. Kaveh 
was very helpful in my last experiments with annealing and mounting samples. Archana 
v 
 
is only female member in group and has fully supported all my academic actions. Jingou 
Yen gave me a detailed handmade manual about how to use tube furnace.  
             As office mates, Gary and Ram are friends to make our office cheerful. Pengyu 
Chen is also good friend who discussed with me about the tough course work and our 
future. 
             Lastly, and most importantly, I am especially thankful to my father and mother. 
They are still a good model for me to follow not only with advice but also with behavior. 
I know their infinite sacrifice, so I did my best for them. 
 
vi 
 
TABLE OF CONTENTS 
Page 
TITLE PAGE................................................................................................................     i 
ABSTRACT.................................................................................................................     ii  
DEDICATION.............................................................................................................     iii 
ACKNOWLEDGEMENTS.........................................................................................     iv 
TABLE OF CONTENTS.............................................................................................     vi 
LIST OF TABLES......................................................................................................     viii 
LIST OF FIGURES......................................................................................................     ix 
CHAPTER 
             1.  INTRODUCTION………………………………….……...………………     1 
             2.  LITERATURE REVIEW…………………………….…...……………….     3 
                         2.1  Nanocrystalline Materials…………………….….......…………..      3 
                         2.2  Electrodeposition……………………………....…………………     6 
                         2.3  Ni-based Nanocrystalline Alloys..…………........……………......    7 
                                      2.3.1  Ni-W Alloys…………………………………………....    7 
                                      2.3.2  Ni-P Alloys…………………………………………...     11 
             3.  EXPERIMENTAL PROCEDURE……………………………………….     13 
                         3.1  Synthesis………………………………………………………...     13 
                                     3.1.1  Film Synthesis………………………....………...……     13 
                                     3.1.2  Heat Treatment………………………....…...………...     16 
                         3.2 Characterization of Samples……………………………………..     17 
                                     3.2.1  Optical Microscopy……………………...……………     17 
                                     3.2.2  X-ray Diffraction……………………………………...     18 
                                     3.2.3  Scanning Electron Microscopy…………....…………..     20 
                          3.3  Grain Size Measurement………………………………………..     21 
 
vii 
 
Table of Contents (Continued)              
 
             4.  RESULTS AND DISCUSSION………………………………………….     23 
                          4.1  Morphologies of Pure Ni and Eight Ni-Based Alloy Films....….     23 
                          4.2  Pure Ni Films..………………………………………………….     28 
                                     4.2.1  Effect of Deposition Time…………………………….     28 
                                     4.2.2  Effect of Annealing……………………………………     30 
                          4.3  Ni-W Films...…………………………………………………...     32 
                                     4.3.1  Consistency of Deposition Process……………………     32 
                                     4.3.2  Effect of Na2WO4·2H2O Concentration………………     34 
                                     4.3.3  Effect of Complexing Agent NH4Cl…………………..     36 
                                     4.3.4  Effect of Annealing……………………………………     38 
                                     4.3.5  Ni-W Experiments: Summary and Discussion….....….     40 
                          4.4  Ni-P Films…...………………………………………………….     41 
                                     4.4.1  Consistency of Deposition Process……………………     41 
                                     4.4.2  Effect of Na4P2O7·10H2O Concentration……………...     43 
                                     4.4.3  Effect of Deposition Time…………………………….     45                                    
                                     4.4.4  Ni-P Experiments: Summary and Discussion….....…...     46 
                           4.5  Substrate Effect...........…………………………………………     47 
                           4.6  Annealing with Bi Vapor………………………………………     49 
             5.  CONCLUSION…………………………………………………………...     51 
             6.  FUTURE WORK…………………………………………………………     53 
LITERATURE CITED……………………………………………………………….     54      
 
viii 
 
LIST OF TABLES 
 
Table                                                                                                                               Page 
3.1  Electrodeposition Recipes...........................................................................................13 
4.1  XRD Results for Pure Ni Films Before and After Annealing....................................31 
4.2  XRD Results of Three Ni-W Specimens....................................................................33 
4.3  XRD and EDX Results of Ni-W Films made using Different Na2WO4·2H2O 
       Concentration..............................................................................................................35 
4.4  XRD and EDX Results of Ni-W Films made With or Without NH4Cl Complexing 
       Agents.........................................................................................................................37 
4.5  XRD Results of Ni-W Alloys Before and After Annealing.......................................39 
4.6  XRD Results of Three Ni-P Specimens......................................................................42 
4.7  XRD and EDX Results of Ni-P Films made using Different Na4P2O7·10H2O 
       Concentration..............................................................................................................44 
4.8  XRD Results of Ni-W Films and Pure Ni Films on Cu and Ni Foils.........................48 
4.9  XRD Results of Ni-W Specimens After Annealing With Bi Vapors.........................50 
 
ix 
 
LIST OF FIGURES 
 
Figure                                                                                                         Page 
2.1  Ni-W Alloys of Various Compositions and Grain Sizes.............................................9 
2.2  Nanocrystalline Ni-W Alloys Applications................................................................10 
2.3  Nanocrystalline Ni-P Alloys Applications..................................................................12 
3.1  Schematic of the Experimental Set Up.......................................................................15 
3.2  Tube Furnace..............................................................................................................16 
3.3  Optical Microscope and Box Furnace.........................................................................17 
3.4  SEM and SEM-EDX Spectrum of Ni-W Alloy..........................................................20 
3.5  XRD Patterns of Pure Ni Film and Annealed Ni Foil................................................21 
3.6  SEM Image of Pure Ni Film.......................................................................................22 
4.1  Optical Images of Ni-based Films..............................................................................23 
4.2  Optical Microscopic Images of Pure Ni and 8 Ni-based Alloys.................................24 
4.3  SEM Images of Pure Ni and 8 Ni-based Alloys.........................................................26 
4.4  Additional SEM Images of Electrodeposited Films...................................................27 
4.5  Deposition Time Effect on Pure Ni Film....................................................................29 
4.6  Annealing Effect on Pure Ni Film..............................................................................31 
4.7  Repeatability of Ni-W Alloy Deposition Process.......................................................33 
4.8  Effect of Na2WO4·2H2O Concentration.....................................................................35 
4.9  Effect of Complexing Agent NH4Cl...........................................................................37 
4.10  Ni-W Alloy Before and After Annealing..................................................................39 
4.11  Summary Plots of N-W Alloy Experiments.............................................................40 
4.12  Repeatability of Ni-P Alloy Deposition Proces........................................................42 
x 
 
List of Figures (Continued)           
 
4.13  Effect of Na4P2O7·10H2O Concentration..................................................................44 
4.14  Deposition Time Effect on Ni-P Film.......................................................................45 
4.15  Summary Plots of N-P Alloy Experiments...............................................................46 
4.16  Substrate Effect on Ni-W and Pure Ni films............................................................48 
4.17  Annealing with Bi Vapor..........................................................................................50 
 
 
  
1 
 
CHAPTER 1 
INTRODUCTION 
 
             Recently, nanocrystalline Ni and Ni-based alloys are the subject of extensive 
research due to their excellent properties and various applications. They have superior 
mechanical properties, such as high tensile strength, premium hardness, and distinguished 
abrasion resistance. Electrodeposition methods are often employed to make 
nanocrystalline Ni and other metals as an economic and convenient technique. A recent 
study demonstrated that nanocrystalline Ni-W alloys exhibit low corrosion rates in 
hydrochloric acid solution [1 ˗ 5], which is only ~2.5 % of that of a typical stainless steel. 
Thus, they have a great potential to replace Cr as environmentally friendly coatings. 
             Pure nanocrystalline metals are usually unstable against grain growth. In binary 
and multicomponent alloys, grain boundary segregation can stabilize nanocrystalline 
materials by 1) thermodynamically reducing the grain boundary energies as the driving 
forces for grain growth, and/or 2) kinetically impeding grain growth via a solute drag 
effect. 
             This study explores the effects of various dopants on eletrodeposition and the 
resultant properties of Ni films. Eight different doped Ni-based alloys, including Ni-Co, 
Ni-Cu, Ni-Fe, Ni-P, Ni-W, Ni-Mo, Ni-B and Ni-Mg, were fabricated along with pure Ni 
films as a benchmark. It was found that doping can significantly change the deposition 
mechanism, film morphology, microstructure and quality of the deposited films. 
Systematic investigations have been conducted for pure Ni, Ni-W and Ni-P films. These 
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film systems were characterized by X-ray diffraction, optical microscopy and scanning 
electron microscopy. The effects of several processing variables, including deposition 
time, the type and amount of dopants and the usage of a complexing agent, were 
examined. Annealing experiments were also conducted to probe the thermal stability of 
nanocrystalline pure Ni and Ni-W alloys. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Nanocrystalline Materials 
             Nanocrystalline materials have been investigated because of their excellent 
properties. It is well known that the strength and wear resistance of nanocrystalline 
materials can be significantly increased when the grain size is below ~100 nm [6 ˗ 25]. 
For example, the Hall-Petch equation specifies the relation between grain size (d) and 
mechanical strength (σy
                        σ
): 
y = σ0 
where σ
+ 
𝐾𝐾y
√𝑑𝑑
                                                                                        Eq. 1                                          
0 is the yield stress of a coarse grain materials and ky
             Despite of strength and wear resistance of nanocrystalline materials, pure 
nanocrystalline metallic materials are usually unstable against grain growth upon 
 is a strengthening 
coefficient. The physical picture underlying the Hall-Petch equation is explained as 
follows. Grain boundaries often impede dislocation movement because the adjacent 
grains have different orientations. Dislocations pile-up at grain boundaries can effectively 
increase the yield strength, and strength increases with reducing grain size. However, 
when the grain size decreases to below approximately 10 nm, Hall-Petch equation will 
break down because there are only few dislocations inside each grain and grain boundary 
sliding may become the dominant plastic deformation mechanism [26].  
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annealing at moderate temperatures [27 ˗ 29]. According to Burke and Turnbull model 
[30 – 32], the grain boundary velocity (ν) is a product of driving pressure (P) and grain 
boundary mobility (M): 
                        ν = P·M = 2(𝛾𝛾0
𝑟𝑟
)·Mo 
where P is related to grain boundary energy (γ
exp(−𝑄𝑄m
𝑅𝑅𝑅𝑅
)                                                         Eq. 2    
0) and grain size (2r, r being the effective 
grain radius), and M can be explained with Arrhenius equation; pre-exponential factor 
(Mo, frequency factor), activation energy for boundary migration (Qm
                         PV = nRT                                                                                           Eq. 3 
, J/mol), the gas 
constant (R, 8.3145 J/mol·K) and absolute temperature (T, Kelvin). Thus, the grain 
boundary velocity increases with reducing grain size. For instance, the onset grain growth 
temperatures for pure nanocrystalline materials of Ni or Co are in the range of 220 °C to 
310 °C [33, 34]. Here, the gas constant (R) is a unit of energy (pressure-volume product) 
per Kelvin per mole, which is based on ideal gas law: 
where P is absolute pressure, V is volume of gas, n is number of moles of gas, R is gas 
constant and T is thermodynamic temperature. Gas constant (R) equals to Boltzmann 
constant (kB) times the Avogadro constant (NA, 6.022×1023 mol-1) for pure particle count 
[35]. The Arrhenius equation indicates the rate constant of chemical reaction on the 
temperature T. The rate of reaction is significant if thermal fluctuation energy, which is 
represented by RT (per mole, or kBT per atom), is comparable with the activation energy 
(Qm) 
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             Researchers have added dopants to nanocrystalline materials to suppress the 
grain growth. These dopants can have two effects. First, they can reduce grain boundary 
mobility (M) via a solute drag mechanism, which is a kinetic effect [36 ˗ 38]. On the 
other hand, thermodynamically, adsorption of dopants at grain boundaries can reduce the 
grain boundary energy (γ), thusly reducing the driving pressure for grain growth (P) [39 ˗ 
43]. For instance, addition of 3.6 at.% P in Ni nanocrystalline alloys can increase the 
onset grain growth temperature from 289 °C to 430 °C [44]. Additionally, nanocrystalline 
Pd-Zr alloys were shown to be stable up to 1500 °C, which is 95% of melting 
temperature for this material [45]. 
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2.2 Electrodeposition 
             Electrodeposition is one of the practical methods to make nanostructured 
materials [46]. There are two classes of deposition methods ˗ electrolessdeposition and 
electrodeposition; both are inexpensive methods to manufacture relatively ductile 
metallic bulk materials or films/coatings [47]. Electrodeposition is usually used for 
making thicker films (with higher deposition rates), while electrolessdeposition is 
typically employed for making high quality thin coatings [48]. The grain size and 
microstructure of electrodeposited films is controlled by tuning deposition parameters. 
Furthermore, these deposition parameters can be changed continuously or 
discontinuously to make functionally graded materials [49, 50]. The density, thickness, 
grain orientation of the deposited films can also be affected by the substrate conditions 
[51]. To date, electrodeposition methods have been used to make various nanocrystalline 
materials (<100 nm in grain size) including Ni, Co, Pd, Cu, Ni-P, Ni-Fe, Ni-W, Zn-Ni, 
Ni-Fe-Cr, and Ni-SiC [52]. 
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2.3 Ni-based Nanocrystalline Alloys 
             Among various electrodeposited nanocrystalline metals, Ni-based alloys have 
been extensively researched due to their wide applications and the easiness of the 
deposition techniques. In this thesis study, pure Ni film and eight Ni-based alloy films 
(Ni-W, Ni-P, Ni-Mo, Ni-Co, Ni-Cu, Ni-Zn, Ni-Mg, and Ni-B) were deposited and 
characterized. More systematic studies were conducted for Ni-W and Ni-P films, along 
with pure Ni film as a baseline. Relevant prior studies were reviewed in this section. 
 
2.3.1 Ni-W Alloys 
             Ni-W alloy was introduced to replace chromium coatings because they are 
environmentally friendly [53 ˗ 57]. The W dopants were introduced by adding a tungsten 
salt into nickel sulfate (NiSO4) to form Ni-W alloys; interestingly, it is rather difficult to 
deposit pure W films without depositing Ni simultaneously. Usually ammonium chloride 
(NH4Cl) and/or citric acid (Cit) are also added into the deposition bath to improve 
Faradaic efficiency (FE), to control the pH value, and to increase solubility of metal ions. 
For example, Gileadi and coworkers, synthesized Ni-W alloys using a ternary 
complexing agent, [(Ni)(HWO4)(Cit)]2-
                        [(Ni)(HWO
, as a precursor for Ni-W deposition via the 
following reaction [1 ˗ 5]: 
4)(Cit)]2- + 8e- + 3H2O    →    NiW +7(OH)- + Cit3- 
             A characteristic relationship between composition and grain size has been 
demonstrated [Figure 2.1], which is explained from the W segregation that reduces the 
      Eq. 4 
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grain boundary energy as the driving force for grain growth [28]. Detor, et al, have 
measured grain size using X-ray diffraction (XRD) and transmission electron microscope 
(TEM), and they showed that the grain size decreases with increasing W atomic fraction 
in the deposited films. Their results are summarized in Figure 2.1, which shows that 
when tungsten atomic percentage is increased from 2.5 % to 23 %, the corresponding 
grain size is decreased from >100 nm to <10 nm. In addition to XRD peak broadening 
that is associated with reducing grain size, shifts in XRD peak position were also 
observed. This is because the solution of larger tungsten atoms increases the lattice 
parameter of the FCC alloys. Figure 2.1 (b) shows that the grain sizes measured from 
XRD were consistent with direct TEM observation. 
             Ni-W alloys have various industrial applications because of their excellent 
materials and physical properties. First, the deposited Ni films exhibit hardness of a range 
from 2 GPa to 7 GPa, depending on the actual grain size [58]. Second, these 
nanocrystalline Ni-W films exhibit excellent corrosion rates as low as ~2.5 % of that of a 
typical stainless steel [1 ˗ 5]. Third, these Ni-W alloys would be used as diffusion barriers 
between copper and silicon in ultra large scale integration (ULSI) circuits [Figure 2.2 (a)] 
and micro electromechanical systems (MEMS) [Figure 2.2 (b)]. Finally, Ni based 
nanocrystalline alloys and films also have applications as mold inserts [Figure 2.2 (c)], 
magnetic heads and relays [Figure 2.2 (d)], bearings, resistors, and electrodes for 
accelerating hydrogen revolution from alkaline solutions, among others [59]. 
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       (a)                                                                 (b) 
 
Figure 2.1 (a) XRD patterns of Ni-W alloys of various compositions. (b) The grain size 
of Ni-W alloys vs. W composition and corresponding TEM images. Reprint from Ref. 
[28]. 
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(a)                                                                  (b) 
  
(c)                                                                  (d) 
  
Figure 2.2 Electrodeposited Ni-based nanocrystalline alloys have applications in (a) ultra 
large scale integration (ULSI), (b) micro electromechanical systems (MEMS), (c) mold 
inserts and (d) magnetic heads and relays. 
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2.3.2 Ni-P Alloys 
             Ni-P alloys have been studied to a less extent than Ni-W alloys. Nevertheless, a 
similar relationship between the P doping level and resultant grain size has been reported. 
Like W, although it is feasible to add P dopants into the iron-group metals during 
electrodeposition, deposition of P alone is difficult [60].               
             Electrochemical synthesis of Ni-P alloy using electro or electroless methods has 
been demonstrated to be practical and economical [61]. Two possible deposition 
mechanisms were suggested [60]. The “direct” deposition mechanism assumes that the 
phosphorous element forms from the reduction of phosphorous oxy-acid in the aqueous 
solutions [62, 63], 
                        Ni2+ + 2e- → Niad                                                                                                       
                        H
Eq. 5 
2PHO3 + 3H+ +3e- → Pad + 3H2
                        nNi
O                                        Eq. 6 
ad + Pad → Nin
However, this mechanism is not convincing, because pure elemental phosphorous cannot 
be deposited in aqueous solutions directly. Alternatively, the “indirect” deposition 
mechanism assumes that the reduced phosphine (PH
P                                                                  Eq. 7 
3) from phosphorous oxy-acid react 
with Ni2+ 
                        H
in the bath and produces Ni-P alloys [64], i.e.,  
2PHO3 + 6H+ + 6e- → PH3 + 3H2
                        2PH
O                                     Eq. 8 
3 + 3Ni2+ → 2P + 3Ni + 6H+                                             Eq. 9 
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             Nanocrystalline Ni-P alloys and coatings have excellent materials properties, 
such as corrosion resistance [65], electrochemical catalytic properties [66, 67], and non-
magnetic character [68, 69]. For example, amorphous Ni-P coatings that contains more 
than 10 at.% P were found to be highly effective for anticorrosive protection [70, 71]. Ni-
P alloys are also used in MEMS devices and electronics, as shown in Figure 2.3.  
 
(a)                                                                  (b) 
 
Figure 2.3 Nanocrystalline Ni-P coatings are used in (a) revolving shafts (b) parallel 
termination resistors in a BGA package. 
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CHAPTER 3 
EXPERIMENTAL PROCEDURE 
 
3.1 Synthesis 
3.1.1 Film Synthesis 
            Ni-based alloys were made by an electrodeposition method developed by 
Yamasaki [72]. The experimental conditions are listed in Table 3.1. The concentrations 
of the first three chemicals, NiSO4·6H2O, Na3C6H5O7·2H2
 
O, and NaBr were kept same 
for all experiments. Different doping agents were added in the same basic recipe that was 
initially used for making pure Ni films to synthesize eight doped binary alloys.  
Table 3.1 Electrodeposition recipes for pure Ni film and Ni alloys used in this study. 
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            A copper plate and a platinum foil (1 cm width × 5 cm height × 0.25 mm 
thickness) were used as the working electrode (i.e. the deposition substrate) and counter 
electrode respectively. Prior to deposition, the substrates were ground and polished with 
SiC sandpaper from 240 to 800 grits and then, cleaned in acetone for more than 1 hour.  
            The solution was prepared by adding appropriate amount of chemicals in 500 mL 
deionized water. The measured pH values range was from 8.0 to 9.0 for the Ni-W 
solutions and from 3.5 to 4.0 for those to prepare Ni-P and pure Ni. The beaker was 
heated on a hot plate and maintained at 75 °C with continuous magnetic stirring. The 
electrical current was kept a constant value of 0.5 A throughout the experiments and the 
corresponding voltage varied from approximately 3.2 A to 4.3 A. The immersed length in 
the aqueous solution was about 2.5 cm, although the actual value changes slightly during 
experiments because of evaporation of the solution. As-deposited specimens were cut to 
1 cm by 2 cm size and an area of uniform deposition was selected. All films were 
electrodeposited for at least 1 hour. 
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Figure 3.1 Schematic of the experimental set up. 
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3.1.2 Heat Treatment 
            To investigate the thermal stability of nanocrystalline films, specimens were 
annealed in a tube furnace (Lindberg/Blue M HTF55347C) with flowing Ar + 5% H2
 
 gas. 
Specimens were first cleaned in alcohol before annealing at 400 °C or 600 °C for 6 hours. 
The specimens were cooled inside the furnace. 
 
Figure 3.2 Tube furnace (Lindberg/Blue M HTF55347C) used in this study. 
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3.2 Characterization of Samples 
3.2.1 Optical Microscopy 
            An optical microscope (Olympus BX60) was used to examine film surfaces. The 
magnifications used ranges from 50X to 2000X. To measure film thickness, specimens 
were embedded into epoxy (using an Epoxy Embedding Medium Kit, Fluka, Japan). 
Mixed epoxies with embedded specimens were cured at 75 °C for 1 hour in a box furnace 
(Barnstead F47900). After curing, the specimens were cut, ground and polished with SiC 
sandpapers (from 240 grits to 800 grits). 
 
(a)                                                                (b) 
   
Figure 3.3 (a) Optical microscope (Olympus BX60) and (b) box furnace (Barnstead 
F47900) used in this study. 
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3.2.2 X-ray Diffraction 
            X-ray diffraction (XRD) was conducted by XD-2000 (Sintag Co, USA). Scherrer 
equation was used for calculating the “XRD crystallite sizes” based on measured full 
width at half maximum of the peak (FWHM):  
                         τ = 
𝐾𝐾𝜆𝜆
𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃
                                                                  Eq. 10                 
where τ is mean crystallite size (Å), K is a shape factor (= 0.9), λ is the X-ray wavelength 
(= 1.540562 Å for Cu Kα radiation), β is the corrected FWHM, and θ is the Bragg angle. 
To correct the instrumental broadening effect, a Ni plate was annealed at 1000 °C for 6 
hours and used as a reference sample. The instrumental broadening effect was corrected 
using 
                        βcor2  =  βexp2  ˗  βref2                                                                                                       Eq. 11
where β
                               
cor is corrected FWHM (which is used in Scherrer equation), βexp is measured 
FWHM from XRD machine, βref 
             It should be noted that XRD only measures the coherent scattering size. A 
microstrain effect will also result in XRD peak broadening. The true grain size can be 
solved if multiple XRD peaks can be resolved. Unfortunately, only one peak is 
distinguishable for Ni specimens with grain size being less than 10 nm; thus the strain 
effect cannot be separated. This was reported by a prior study [27]. Thus, the actual grain 
is FWHM measured for the reference specimens 
(annealed coarse grain Ni film). 
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size can be larger than “XRD crystallite size” calculated from Scherrer equation. I refer 
this as “X-ray coherent size” in the following text and will discuss the possible strain 
effects in section 3.3. 
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3.2.3 Scanning Electron Microscopy 
            A scanning electron microscope (SEM) (Hitachi S-4800) was used to characterize 
the morphology and chemistry of the specimens. Film composition (the atomic ratios of 
Ni and dopant) were measured using an energy dispersive X-ray (EDX) spectrometer, 
which has a detection limit of ~0.5 at.%. 
 
(a)                                                                   (b) 
    
Figure 3.4 (a) SEM (Hitachi S-4800) and (b) SEM-EDX spectrum of Ni-W alloy with 
0.14M Na2WO4·2H2
 
O. 
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3.3 Grain Size Measurement 
            We calibrate XRD grain size measurement with direct SEM measurements using 
a pure Ni specimen. The measured FWHM of pure nanocrytalline Ni film (βexp) was 
about 0.0199 rad (=1.1428 °). The measured FWHM for the reference specimen 
(annealed coarse grain Ni foil), βref
 
 was about 0.0043 rad (=0.25 °), and the corrected 
FWHM was calculated to be 0.0194 rad (=1.1138 °) by using Eq.11. Then, Scherrer 
equation (Eq.10) was used to calculate crystallite size.  
          (a)                                                                        (b) 
 
Figure 3.5 XRD patterns of (a) Pure nanocrystalline Ni film and (b) annealed coarse 
grain Ni foil.  
 
             Using Scherrer equation and corresponding parameters (K = 0.9, λ = 1.540562 Å, 
θ = 22.34 °), the “XRD crystallite size” was computed to be approximately 7.7 nm. The 
SEM image shown in Fig. 3.6 indicates that the actual grain size is less than 20 nm. This 
apparent grain size shown in SEM is greater than the “XRD crystallite size” (7.7 nm). 
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There are two possible reasons for this inconsistency. First, the presence of non-uniform 
strains could lead to microstrain broadening of diffraction line so that Scherrer equation 
underestimates actual grain size. Second, each “grain” in SEM image may contain 
multiple smaller crystalline domains. Nonetheless, direct SEM observation confirmed 
that these electrodeposited Ni films are indeed nanocrystalline and cross-sectional TEM 
will be the best way to accurately measure the grain size. 
                
Figure 3.6 SEM image of pure Ni film. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
 
4.1 Morphologies of Pure Ni and Eight Ni-Based Alloy Films  
            Pure Ni film and eight Ni-based binary alloy films were made by using the recipes 
listed in Table 3.1. Representative optical images of these films deposited on Cu 
substrates are shown in Figure 4.1. Films of pure Ni, Ni-P (i.e., P-doped Ni), Ni-W, Ni-
Mo and Ni-B are dense with relatively smooth  surfaces. On the other hand, Ni-Cu, Ni-
Co, Ni-Zn and Ni-Mg films exhibit rough surfaces and are broken into small pieces. Ni-
W and Ni-Mo films also exhibit some non-uniformity in color. 
 
Figure 4.1 Representative optical images of Ni-based films made in this study. 
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            Figure 4.2 shows optical microscopic images that were taken at a magnification of 
1000X. Pure Ni, Ni-Mo, Ni-P and Ni-B have uniform and smooth surfaces. Ni-W films 
are relatively dense, but their surfaces exhibit interesting granular morphology. Ni-Cu, 
Ni-Co, Ni-Zn and Ni-Mg films consist of relatively large particles with quite rough 
surfaces, which cannot be clearly imaged under optical microscopy due to the finite 
depths of field. 
 
Figure 4.2 Optical microscopic images of electrodeposited films of pure Ni and 8 Ni-
based binary alloys. All images were taken at 1000X.  
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            Figure 4.3 shows SEM images of nine Ni-based films that were taken at the same 
magnification of 2000X. Additional SEM images at higher magnifications are shown in 
Figure 4.4. Pure Ni and Ni-B films have flat and relatively uniform surfaces, but they 
exhibit some cracks. Ni-P alloy films are relatively thin; thus scratches on the Cu 
substrates are still visible. Ni-W alloy surfaces are rather smooth at 2000X. At higher 
magnification of 13000X (Figure 4.4), Ni-W films exhibit self-similar granular structures 
at several length scales; for examples, each of these grains in Figure 4.4 are composed 
smaller grains of <20 nm, as shown in Ch.3, Fig.3.6. Ni-Co and Ni-Mg alloy are 
composed of micron-scale particles; for Ni-Co the particles are needle like, which is 
clearly evident in Figure 4.4. Ni-Cu alloys are composed of particles that are generally 
larger than 20 µm, and Ni-Zn alloys do not fully cover the Cu substrates. 
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Figure 4.3 SEM images electrodeposited films of pure Ni and 8 Ni-based binary alloys. 
All images were taken at 2000X. 
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Figure 4.4 Additional SEM images of electrodeposited films of pure Ni and 8 Ni-based 
binary alloys that were taken at higher magnifications. 
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4.2 Pure Ni Films 
            A study of the growth and thermal stability of pure Ni films was conducted. The 
results are summarized in this Section. 
 
4.2.1 Effect of Deposition Time 
            Pure Ni films were made by depositing for 1 hour and 2 hours. The films were 
characterized and compared. The XRD patterns shown in Figure 4.5 (a) illustrates that 
these films essentially have identical structures and grain size. With 1 hour deposition, 
the films are thinner; thus the Cu peak in the XRD pattern, which is presumably from the 
underneath Cu substrates, is stronger. When the deposition time is increased, the 
scratches from Cu substrate disappear, and the films appear to be more uniform [Fig.4.5 
(b)]. In addition, pure Ni film thickness was about 5 µm. 
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         (a)                                                                                               (b) 
            
 
Figure 4.5 (a) XRD patterns of pure Ni film made after 1 hour and 2 hours deposition 
and (b) corresponding optical microscopic images.  
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4.2.2 Effect of Annealing 
             Pure Ni films were annealed at several temperatures for 6 hours to examine the 
thermal stability, grain growth and strain relaxation. The corresponding XRD patterns are 
shown in Figure 4.6 (a). The Ni peak becomes sharper after annealing at either at 400 °C 
or at 600 °C. Using Scherrer equation (Eq. 10), the average X-ray coherent size was 
found to be about 7.7 nm for as-deposited films. And it increased to 24 nm and 27 nm 
respectively, after annealing at 400 °C and 600 °C. The results are summarized in Table 
4.1. This change is mostly likely due to a relaxation of microstrains (instead of grain 
growth). If significant grain growth occurs, a much larger grain size is expected for 
specimens annealed at 600 °C than that annealed at 400 °C from the well-established 
grain growth kinetics theories. This conclusion is also consistent with the direct SEM 
imaging shown in Ch.3, Figure 3.6, which illustrates that grain size of as-deposited films 
is around 20 nm. If this is true, it is implied that no significant grain growth occurs at up 
to 600 °C. 
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             (a)                                                                                              (b) 
       
Figure 4.6 (a) XRD patterns and (b) optical micrograph for pure Ni films before and after 
annealing.  
 
Table 4.1 Summary of XRD results for pure Ni films before and after annealing. 
 
FWHM (rad) 2-theta X-ray coherent size (from Scherrer eq.) 
As-deposited 0.0194 44.68 ° 7.7 nm 
400 °C 6 hrs 0.0061 44.72 ° 24 nm 
600 °C 6 hrs 0.0054 44.40 ° 27 nm 
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4.3 Ni-W Films 
             Among all alloys, Ni-W films have the most dense and uniform surface. Thus, 
the most systematical study has been conducted for this system. The results are 
summarized in this Section. 
 
4.3.1 Consistency of Deposition Process 
            To test the consistency of the deposition process, three specimens were made by 
the same recipe via using 0.14M Na2WO4·2H2O. XRD patterns of these three films are 
shown in Figure 4.7 (a), along with the XRD pattern of a pure Ni film. Figure 4.7 (b) 
illustrates that these films exhibit similar XRD pattern due to enough thickness. Table 4.2 
summarizes the peak positions and FWHM values of 3 specimens, which are identical 
within the range of experimental errors. Mean X-ray coherent size was 2.7 nm and the 
standard deviation was 0.3 nm. Moreover, in all cases, the XRD peaks are significantly 
broader than that of a pure Ni films because of smaller grain sizes. The XRD coherent 
size computed from the Scherrer equation ranges from 2.3 to 3.1 nm, which is 
significantly smaller than the 7.7 nm computed for pure Ni films. Figure 4.7 (b) also 
shows a cross-sectional image, indicating the Ni-W film is about 45 µm thick after 1 hour 
deposition (with 0.14M Na2WO4·2H2
 
O). 
 
  
33 
 
              (a)                                                                              (b) 
   
Figure 4.7 (a) XRD patterns of 3 Ni-W specimens using an identical protocol 
demonstrate the repeatability of the deposition process. (b) SEM image and cross-
sectional image of Ni-W alloy.  
 
Table 4.2 Summary of XRD results of three Ni-W specimens. 
 
FWHM (rad) 2-theta X-ray coherent size (from Scherrer eq.) 
#1 0.0626 43.52 ° 2.3 nm 
#2 0.0539 43.70 ° 2.7 nm 
#3 0.0468 44.10 ° 3.1 nm 
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4.3.2 Effect of Na2WO4·2H2
             The concentration of the tungsten source (Na
O Concentration 
2WO4·2H2
             The corresponding XRD patterns and SEM images of different Na
O) in the deposition bath 
was intentionally varied from 0 to 0.21M. The purpose of this experiment is to observe 
composition change and corresponding X-ray coherent size change.  
2WO4·2H2O 
concentrations are shown in Figure 4.8 (a) and (b), respectively. All the results including 
the W atomic fraction measured by SEM-EDX are summarized in Table 4.3. With 
increasing concentration of Na2WO4·2H2
 
O in the deposition bath, the W atomic fraction 
in the resultant films increases and X-ray coherent size computed from Scherrer equation 
decreases. These results are further discussed in Section 4.3.5. 
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          (a)                                                                                                  (b)                                                                          
              
Figure 4.8 (a) XRD patterns of Ni-W alloy with different Na2WO4·2H2O concentration 
in the deposition baths. (b) Ni-W SEM images of different Na2WO4·2H2
 
O concentration. 
Table 4.3 Summary of XRD and EDX results of Ni-W films made using different 
Na2WO4·2H2
Na
O concentration. 
2WO4·2H2
concentration 
O at.% W FWHM (rad) 2-theta 
X-ray coherent size 
(from Scherrer eq.) 
0 0.00 % 0.0194 44.68 ° 7.7 nm 
0.07M 15.60 % 0.0394 43.70 ° 3.7 nm 
0.14M 22.47 % 0.0576 44.36 ° 2.5 nm 
0.21M 20.30 % 0.0589 44.00 ° 2.5 nm 
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4.3.3 Effect of Complexing Agent NH4
             NH
Cl 
4Cl was added as a complexing agent to promote the deposition of tungsten. 
Figure 4.9 (a) shows XRD patterns of two specimens deposited with and without NH4Cl 
complexing agent (all other conditions are same). The Ni-W surface when NH4Cl is in 
the deposition bath looks thicker and dense in Figure 4.9 (b). The XRD results and EDX 
composition measurements are summarized in Table 4.4. When 0.5M NH4Cl complexing 
agent is added into the deposition bath, atomic percent of tungsten increased from 6 at.% 
to ~22 at.%, and X-ray coherent size computed from Scherrer equation decreases from 
5.2 nm to 2.5 nm. It is therefore concluded that NH4
 
Cl is an efficient complexing agent 
for promoting tungsten doping in Ni films. 
 
 
 
 
 
 
 
 
  
37 
 
         (a)                                                                                     (b) 
  
Figure 4.9 (a) XRD patterns of NH4Cl effect in Ni-W alloy. (b) Ni-W alloy SEM images 
with and without NH4
 
Cl. 
Table 4.4 Summary of XRD and EDX results of Ni-W films made with or without 
NH4
 
Cl complexing agents. 
W atomic 
percent 
FWHM 
(rad) 2-theta 
X-ray coherent size 
(from Scherrer eq.) 
Pure Ni film 0 % 0.0194 44.68 ° 7.7 nm 
Without NH4 6.24 % Cl  0.0284 44.34 ° 5.2 nm 
With NH4 22.47 % Cl  0.0576 44.36 ° 2.5 nm 
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4.3.4 Effect of Annealing 
             Ni-W films were annealed at 400 °C and 600 °C for 6 hours. These films contain 
22 at.% W. The corresponding XRD patterns are shown in Figure 4.10. With increased 
annealing temperature, the XRD peak becomes sharp and narrow. The XRD results are 
summarized in Table 4.5. X-ray coherent size computed from Scherrer equation 
increased from 2.5 nm for as-deposited specimen to ~6 nm after 400 °C annealing and 
~20 nm after 600 °C annealing. From these results, we can conclude that Ni-W alloy is 
relatively stable until 400 °C, whereas some grain growth has likely occurred at 600 °C. 
Since only one XRD peak is visible, we cannot separate microstrain effect. 
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           (a)                                                                                                (b) 
             
Figure 4.10 (a) XRD patterns and (b) optical microscopic images of Ni-W alloys before 
and after annealing. 
 
Table 4.5 Summary of XRD results of Ni-W alloys before and after annealing. 
 
FWHM 
(rad) 2-theta 
X-ray coherent size 
(from Scherrer eq.) 
As-deposited 0.0576 44.36 ° 2.5 nm 
400 °C 0.0249 43.76 ° 5.9 nm 
600 °C 0.0075 43.62 ° 19.7 nm 
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4.3.5 Ni-W Experiments: Summary and Discussion 
             The Ni-W alloy experimental results are summarized in Fig. 4. 11. With 
increasing concentration of Na2WO4·2H2
 
O in the deposition baths, the resultant atomic 
percent of tungsten in the film is increased but leveled at ~22 at.% W [Fig. 4.11 (a)], 
which is approximately equal to the solid solubility limit of W in Ni phase. At the same 
time, the X-ray coherent size computed by the Scherrer equation decreases. Figure 4.11 
(c) demonstrates a nice correlation between X-ray coherent size and film composition. 
Consequently, the addition of W in Ni likely reduces grain sizes, which can be explained 
via reducing grain boundary energy or grain boundary mobility. This effect is previously 
reported by Schuh’s group [28]. 
      (a)                                           (b)                                            (c) 
 
Figure 4.11 (a) Na2WO4·2H2O concentration in deposition bath vs. atomic percent of W 
in the resultant films. (b) Na2WO4·2H2O concentration in deposition baths vs. X-ray 
coherent size. (c) Atomic percent of W vs. X-ray coherent size. 
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4.4 Ni-P Films 
            Ni-P alloy has relatively narrow range of grain size than Ni-W alloy. But, Ni-P 
films also indicate consistent correlation between composition and grain size. The results 
are summarized in this Section. 
 
4.4.1 Consistency of Deposition Process 
            Ni-P alloy 3 specimens were made by using same recipe with 0.038M 
Na4P2O7·10H2
 
O in order to test the consistency of deposition process. Figure 4.12 (a) 
shows XRD patterns of the three specimens and pure Ni film, which look identical. Cu 
peak is also clearly visible due to thin film thickness; less than 1 µm in Figure 4.12 (b). In 
Table 4.6, FWHM and 2-theta of 3 specimens are similar so that the computed X-ray 
coherent sizes are in the range of error. Moreover, the average crystallite size of three 
specimens is 6.6 nm, which is smaller than 7.7 nm of pure Ni film. And the standard 
deviation was 0.16 nm. 
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             (a)                                                                                     (b) 
   
Figure 4.12 (a) XRD patterns of 3 Ni-P specimens using same recipe indicate the 
repeatability of the deposition process. (b) Ni-P SEM and cross-sectional images. 
 
Table 4.6 Summary of XRD results of three Ni-P specimens. 
 
FWHM 
(rad) 2-theta 
X-ray coherent size 
(from Scherrer eq.) 
#1 0.0213 44.62 ° 6.4 nm 
#2 0.0235 44.70 ° 6.3 nm 
#3 0.0210 44.68 ° 7.1 nm 
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4.4.2 Effect of Na4P2O7·10H2
             The concentration of Na
O Concentration 
4P2O7·10H2
             Figure 4.13 (a) shows only small difference of Ni peaks between two specimens, 
and the results are summarized in Table 4.7. By SEM-EDX, P atomic fraction is also 
shown with concentration of Na
O (the phosphorus source) in the aqueous 
solution was varied to observe composition change and corresponding X-ray coherent 
size. As-deposited two specimens with 0.026M and 0.038M were compared with pure Ni 
film. 
4P2O7·10H2O. When Na4P2O7·10H2
 
O concentration is 
increased in the deposition bath, computed X-ray coherent size is slightly decreased. 
Those two Ni-P specimens indicate smaller X-ray coherent size than pure Ni film. 
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        (a)                                                                                                    (b) 
 
Figure 4.13 (a) XRD patterns of Ni-P alloy with different concentration of 
Na4P2O7·10H2
 
O in the deposition bath. (b) Representative Ni-P SEM images. 
Table 4.7 Summary of XRD and EDX results of Ni-P films made using different 
Na4P2O7·10H2
Na
O concentration. 
4P2O7·10H2
concentration 
O P at.% FWHM (rad) 2-theta 
X-ray coherent size 
(from Scherrer eq.) 
0 0 % 0.0194 44.68 ° 7.7 nm 
0.026M < at. % 0.0233 44.54 ° 6.4 nm 
0.038M 7.48 % 0.0245 43.40 ° 6.0 nm 
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4.4.3 Effect of Deposition Time 
             Ni-P alloys were deposited for 1 hour or 2 hours with 0.07M Na4P2O7·10H2
 
O in 
the deposition bath. 2 specimens are shown as those have similar grain size and structure 
in Figure 4.14 (a). With 2 hours deposition, the films are thicker; thus the Cu peak in the 
XRD pattern is weaker. When the deposition time is increased, the film surface becomes 
not only thicker but also rough [Fig. 4.14 (b)].  
              (a)                                                                                            (b) 
 
Figure 4.14 (a) XRD patterns of Ni-P alloy made after 1 hour and 2 hours deposition and 
(b) optical microscopic images.  
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4.4.4 Ni-P Experiments: Summary and Discussion 
             Ni-P alloy experimental results are summarized in Figure 4.15. Increasing 
concentration of Na4P2O7·10H2
 
O in the deposition baths results in increased atomic 
percent of P in the film. But it is leveled at ~32 at.% P, which is equal to the solid 
solubility limit of P in Ni phase. X-ray coherent size computed by Scherrer equation is 
decreased with higher atomic percent of P. This correlation between film composition 
and X-ray coherent size is shown in Figure 4.15 (c). As a result, second element P on Ni-
based alloy reduces grain size since it suppresses grain boundary mobility. 
      (a)                                           (b)                                              (c) 
 
Figure 4.15 (a) Na4P2O7·10H2O concentration in deposition baths vs. atomic percent of 
P in the resultant films. (b) Na4P2O7·10H2
 
O concentration in deposition baths vs. X-ray 
coherent size. (c) Atomic percent of P vs. X-ray coherent size. 
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4.5 Substrate Effect 
             In previous works, Cu plate has been used as a substrate because of its excellent 
electrical conductivity. I also deposited both pure Ni and Ni-W films on Ni foils for 
comparisons. The corresponding XRD patterns and the results are shown in Figure 4.16 
and Table 4.8, respectively. For Ni-W films, which are thick enough to absorb all X-rays, 
the XRD patterns are identical. For pure Ni films, which are thinner, the peaks for the 
underneath substrate (Ni or Cu) can be visible. It appears that the substrate does not have 
significant impacts on the XRD character of the deposited films.   
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     (a)                                                                      (b) 
     
Figure 4.16 XRD patterns of (a) Ni-W films and (b) pure Ni films deposited on Cu and 
Ni substrates.  
 
Table 4.8 Summary of XRD results of Ni-W films and pure Ni films on Cu and Ni foils. 
 
FWHM 
(rad) 2-theta 
X-ray coherent size 
(from Scherrer eq.) 
0.14M W on Ni 0.0512 44.50 ° 2.9 nm 
0.14M W on Cu 0.0576 44.36 ° 2.5 nm 
Pure Ni on Ni 0.0248 44.63 ° 6.0 nm 
Pure Ni on Cu 0.0194 44.68 ° 7.7 nm 
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4.6 Annealing with Bi Vapor 
             In attempt to suppress grain size, 0.23g Bi powder was added into a closed 
container that contains a Ni-W alloy films (thus Bi vapor will be present in the container 
during the annealing). This experiment was motivated by a recent molecular dynamics 
simulation, which suggested that the presence of Bi can effectively suppress the grain 
growth of Ni alloys via drastically reducing the grain boundary energies, which is the 
driving force for grain growth. 
             The annealing temperatures were 400 °C or 600 °C, respectively. Visual 
inspection showed that Bi evaporated and coated on Ni-W alloy during the annealing. 
Figure 4.17 (a) and (b) are the XRD patterns and Table 4.9 summarizes the key results. 
The results showed that the presence of Bi vapor, which presumably diffused into the Ni 
or Ni-W films, have marginal effect in suppressing grain growth.  
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        (a)                                                                     (b) 
   
Figure 4.17 XRD patterns of Ni-W specimens before and after annealing at (a) 400 °C 
and (b) 600 °C with and without the presence of Bi vapor. 
 
Table 4.9 Summary of XRD results of Ni-W specimens before and after annealing with 
and without the presence of Bi vapors. 
 
FWHM 
(rad) 2-theta 
X-ray coherent size 
(from Scherrer eq.) 
As-deposited 0.0576 44.36 ° 2.5 nm 
600 °C w/o Bi 0.0075 43.62 ° 19.7 nm 
600 °C w/ Bi 0.0091 43.44 ° 16.3 nm 
400 °C w/o Bi 0.0249 43.76 ° 5.9 nm 
400 °C w/ Bi 0.0282 43.58 ° 5.2 nm 
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CHAPTER 6 
CONCLUSIONS 
 
             Pure Ni films and eight Ni-based alloy films have been successfully made by 
eletrodeposition methods. Nanocrystalline Ni-W and Ni-P films, which exhibit relatively 
high quality, were selected for systematical studies, along with pure Ni films as a 
benchmark. Key experimental results are summarized as follows: 
       1. Adding dopants (W, P, Mo, Co, Cu, Zn, Mg and B) can significantly change films 
           morphologies and uniformity, which must relate to the somewhat different 
           (unknown) growth mechanisms when the different dopants are added. 
       2. When the deposition time is increased, the films generally become thicker with  
           smoother surfaces and fewer cracks. The substrate effects are insignificant when  
           the deposited films are thick enough (more than 10 µm). 
       3. The as-deposited pure Ni, Ni-W and Ni-P films have grain sizes on the order of 10  
           nm or smaller. The actual grain size can be tuned by adding controlled dopants  
           (such as W and P) and changing deposition parameters. 
       4. Addition of W and P (especially W) dopants significantly increases the deposition 
           rates and film uniformity, and it reduces the grain size and increases the thermal 
           stability against grain growth. 
       5. When the concentration of the W or P salt in the deposition bath is increased, the 
           atomic percentage of W or P dopant in the resultant film increases initially, but it 
           levels off after a saturation point is reached. 
  
52 
 
       6. The measured grain size decreases with increasing atomic percentage of W or P 
           dopants in the Ni-based alloys films. Presumably, the dopant segregation reduces 
           grain boundary energies and stabilizes the nanocrystalline alloys. 
       7. Annealing at moderate temperatures of 400 ~ 600 °C relaxes the microstrains 
           and/or promotes grain growth. Doped Ni-alloys exhibit slightly better thermal 
           stabilities than pure Ni films. 
       8. Adding complexing agents, such as NH4
           tungsten composition and reduce grain size of the resultant films. 
Cl, is an effective method to increase 
       9. Bi vapor shows some marginal benefits in suppressing grain growth of Ni-W films. 
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CHAPTER 7 
FUTURE WORK 
 
             Since only one XRD peak can be observed in XRD patterns, the present work 
cannot conclusively separate the effects of microstrain and crystallite size in XRD peak 
broadening. Further work of TEM characterization can directly measure grain sizes. 
             Most of my thesis research is based on experimental observations. An in-depth 
study of the doping effects on film growth mechanism, e.g., how different dopants affects 
the film morphologies, growth rates and quality may allow us to better control the 
synthesis and the properties of the resultant films. To make these films practically useful, 
processing optimization should be conducted to remove or minimize the cracks. More 
annealing experiments should also be conducted to reveal the grain growth (as well as 
microstrain relaxation) kinetics. 
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